The extensive genetic heterogeneity of hepatitis C virus (HCV) requires in-depth understanding of the population dynamics of different viral subtypes for more effective control of epidemic outbreaks. We analysed HCV sequences data from 125 participants in Wuhan, China. These participants were newly infected by subtype 1b (n=13), 3a (n=15), 3b (n=50) and 6a (n=39) while on methadone maintenance treatment (MMT). Bayesian phylogenies and demographic histories were inferred for these subtypes. Participants infected with HCV-1b and 3a were clustered in well-supported monophyletic clades, indicating local subepidemics. Subtypes 3b and 6a strains were intermixed with other Chinese isolates, as well as isolates from other Asian countries, reflecting ongoing across geographic boundary transmissions. Subtypes 1b and 3a declined continuously during the past ten years, consistent with the health and economic reform in China, while subtype 3b showed ongoing exponential growth and 6a was characterized by several epidemic waves, possibly related to the recently growing number of travellers between China and other Asian countries. In conclusion, results of this study suggest that HCV subtype 3b and 6a subepidemics in China are currently not under control, and new epidemic waves may emerge given the rapid increase in international travelling following substantial economic growth.
Summary
The extensive genetic heterogeneity of hepatitis C virus (HCV) requires in-depth understanding of the population dynamics of different viral subtypes for more effective control of epidemic outbreaks. We analysed HCV sequences data from 125 participants in Wuhan, China. These participants were newly infected by subtype 1b (n=13), 3a (n=15), 3b (n=50) and 6a (n=39) while on methadone maintenance treatment (MMT). Bayesian phylogenies and demographic histories were inferred for these subtypes. Participants infected with HCV-1b and 3a were clustered in well-supported monophyletic clades, indicating local subepidemics. Subtypes 3b and 6a strains were intermixed with other Chinese isolates, as well as isolates from other Asian countries, reflecting ongoing across geographic boundary transmissions. Subtypes 1b and 3a declined continuously during the past ten years, consistent with the health and economic reform in China, while subtype 3b showed ongoing exponential growth and 6a was characterized by several epidemic waves, possibly related to the recently growing number of travellers between China and other Asian countries. In conclusion, results of this study suggest that HCV subtype 3b and 6a subepidemics in China are currently not under control, and new epidemic waves may emerge given the rapid increase in international travelling following substantial economic growth. To curtail the HCV epidemic, there is an urgent need to advance our understanding of the viral population dynamics of different viral subtypes. Such data are essential to support evidence-based public health decision-making and effective prevention intervention. In this study, HCV sequence data were obtained from participants enrolled in our research project to investigate the molecular and demographic history of various HCV subtypes circulating in Wuhan, as well as their associations with risk behaviours and changes in public health policy.
| INTRODUCTION

| MATERIALS AND METHODS
| Participants and survey data
We analysed HCV sequence data from 125 participants who converted to HCV positive while receiving MMT through a public health agency in Wuhan, China. Participants were identified through medical record review, and the procedure of survey data collection was described in detail elsewhere. The study protocol was approved by the Institutional Review
Board at Wuhan CDC, and written informed consent was obtained from all participants. All experiments were conducted in accordance with the approved study protocol.
| Blood samples
Blood specimens (10 mL whole blood) were collected with K3-EDTA tubes. The collected samples were immediately placed at +4°C and then transferred to a designated laboratory at Wuhan CDC on the same day. The extracted plasma samples were stored at −20°C in aliquots for analysis. All specimens were retested for anti-HCV antibodies using a third-generation enzyme-linked immunoassay (EIA-3) (Kehua Biotechnology Inc., Shanghai, China The sequences obtained were submitted to GenBank with the following accession numbers: JX944384-JX944467, KC348398-KC348438.
| Sequence data set
Subtype-specific alignments of the four most frequently observed subtypes revealed that 117 of 125 sequences belonged to subtype 1b (13 sequences), 3a (15), 3b (50) and 6a (39), respectively, using the Clustal algorithm 9 followed by manual editing, using Bioedit. Due to over-representation of HCV sequences from some countries, country-specific sequences were randomly selected for each subtypespecific data set to ensure similar weight for individual sampling locations. The number of sequences included in the final data sets was 17 for 1b, 13 for 3a, 62 for 3b and 72 for 6a, respectively.
| Likelihood mapping analysis
Phylogenetic signal in each data set of aligned DNA or amino acid sequences was investigated with the likelihood mapping method with TREE-PUZZLE. 
| Phylogenetic analysis
For each data set, the best-fitting nucleotide substitution model was selected with the results of the hierarchical likelihood ratio 
| Bayesian coalescence inference
The molecular clock hypothesis for individual HCV data sets was investigated by calibrating either a strict (with a lognormal prior for the clock rate) or a relaxed (with a lognormal prior for the ucld mean) molecular clock, using a constant coalescent prior and dated tips corresponding to the sequence sampling times, with the Bayesian Markov Chain Monte Carlo (MCMC) method implemented in BEAST v1.8 (http://beast.bio.
ed.ac.uk). 16, 17 To investigate the demographic history of a HCV subtype, four independent MCMC runs were also carried out enforcing the best-fitting clock model (relaxed molecular clock, see section 3) and one of the following coalescent priors: parametric constant population size and exponential growth, and nonparametric smooth skyride plot Gaussian Markov random field (GMRF) 16, 18, 19 and Bayesian Skyline plot (BSP). 16, 17 Marginal likelihood estimates for each demographic model were obtained using path sampling and stepping stone analyses. [20] [21] [22] Uncertainty in the estimates was indicated by 95% highest posterior density (95% HPD) intervals, and the best-fitting model for each data set was established by calculating the Bayes factors (BF). 21, 23 In 
| RESULTS
| Demographic and epidemiological characteristics of the study participants
The participants were distributed in four districts of Wuhan, including Jiangan (n=30), Qiaokou (n=12), Qingshan (n=5) and Wuchang (n=70) (Figure 1 
| Phylogenetic and spatial distribution patterns of hepatitis C virus subtypes in Wuhan
Despite the short length of the HCV genomic region for phylogenetic inference (330 bp of the 5UTR-Core, see section 2), results from the likelihood mapping analysis showed low levels of phylogenetic noise (12.4-21.6%) in all sequence data ( Figure S1 panel A-D). This finding indicated sufficient signal for phylogeny inference and was further confirmed by the proportion of parsimony-informative sites, ranging from 13.3% (subtype 6a data set) to 25.5% (subtype 3b data set).
For each of the four detected HCV subtypes, the molecular clock hypothesis was tested by Bayes factor's comparison of the strict (with a lognormal prior for the clock rate) vs the relaxed (with a lognormal prior for the ucld mean) clock model, with the evolutionary rate in each model estimated from dated tips corresponding to the known sampling time of the sequences. As expected, the relaxed clock consistently showed a better fit than the strict clock model (Table S1 ).
The demographic history of each viral subtype was inferred under a relaxed molecular clock by using both parametric models with constant population size and exponential growth and nonparametric models with a smooth skyride plot GMRF and BSP. The BSP model outperformed the other models for subtypes 1b, 3a and 6a, while the exponential growth model was the best fit for subtype 3b (Table   S2 ). Evolutionary rate estimates (using the best-fitting demographic model) ranged, as expected, between 2.3×10 −3 (subtype 1b) and 1.1×10 −2 (subtype 6a) nucleotide substitutions per site per year with overlapping 95% high-density intervals (95% HPD) among subtypes (Table S3) .
For each of the data sets used in this analysis, similar topologies were observed from both ML trees and Bayesian trees (data not shown). All but two HCV subtype 1b strains from Wuhan clustered 
| DISCUSSION
HCV infection in China is a significant public health concern. In the present study, we analysed HCV viral sequence data collected among a sample of 117 participants in Wuhan, China. These patients were newly diagnosed with HCV infection while on MMT. We investigated the spatial distribution and evolutionary history of four predominant HCV subtypes 1b 3a, 3b and 6a in the region. MMT patients infected with subtypes 1b and 3a were clustered in well-supported monophyletic clades, indicating that the local epidemics of these two subtypes probably originated from a limited number of introductions 26 and its impact has been recognized in many developing countries, including China. [27] [28] [29] [30] In addition to temporal patterns, findings regarding the HCV de- to emphasize prevention and primary care.
31
Contrary to these two domestic HCV subtypes, the evolutionary and demographic patterns for the two international subtypes 3b and 6a appear to be consistent with the growing number of travellers between China and other Asian countries (particularly the neighbouring Asian countries) over the past two decades. It is worth noticing that when the epidemics of subtypes 1b and 3a were at their peak levels after a phase of exponential growth, Ne estimates for these two subtypes were substantially higher than subtypes 3b and 6a. This could be due to the longer period of the subtype 3a and 6b epidemics than those of 1b and 3a in Asia as reflected in our reconstructed temporal trends. However, considering the increasing trends in Ne for subtypes 3b and 6a inferred from 2005 onwards, it is likely that, if unchecked, these subtypes may increase within the next decade to the same level as subtypes 1b and 3a in the past. This finding stresses the urgent need for new measures to prevent the cross-Asian country HCV transmission.
In conclusion, the findings of this study suggest potential new waves and even HCV subtype 3b and 6a epidemics, given the rapid increase in international travelling following the rapid economic growth and the prevalence of drug use and unprotected sexual practices.
Further research with more diverse samples is also needed to further confirm the results we observed in this study.
